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A new type of hemispherical electron energy analyzer that permits angle and spin resolved pho- 
toelectron spectroscopy has been developed. The analyzer permits standard angle resolved spectra 
to be recorded with a two-dimensional detector in parallel with spin detection using a mini-Mott 
polarimeter. General design considerations as well as technical solutions are discussed and test 
results from the Au(lll) surface state are presented. 



I. INTRODUCTION 



II. SYSTEM OVERVIEW 
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Angle-resolved photoelectron spectroscopy (ARPES) 
is a very powerful technique for the study of electronic 
structures in solids. The technique has improved dra- 
matically during the past two decades with the rapid 
progress in photon sources as well as electron energy an- 
alyzers. The introduction of two-dimensional detectors 
was a very important step in the development of the an- 
alyzers, which permitted parallel acquisition in energy 
as well as angle. As a result, it has become a routine 
measurement to determine the energy dispersion along 
a reciprocal space line. In a standard ARPES experi- 
ment, the energy and emission angle of the photoemitted 
electron is determined. Depending on sample, geometry 
and light polarization, the photoemitted electron may 
also carry spin information. Determining the electron 
spin is, however, a complicated task and there are at 
present no available techniques that permit parallel ac- 
quisition in angle and energy together with spin analysis. 
The common implementation of spin- and angle-resolved 
photoelectron spectroscopy (SARPES) therefore relies on 
selecting a particular energy and angle for spin analysis. 
Since the spin analysis is also a very inefficient process in 
itself, it becomes a very time-consuming process to map 
out the spin-resolved energy dispersion. In practice one 
would therefore first like to perform normal ARPES in 
order to rapidly determine orientation and energy dis- 
persion, and then perform spin resolved measurements 
at selected points in reciprocal space. In this article, we 
present the design and implementation of a spectrometer 
capable of performing such measurements. 
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The system described in this article is located at the 
MAX III synchrotron of the MAX-laboratory in Lund, 
Sweden. MAX III is a third generation 700 MeV syn- 
chrotron dedicated to low photon energy experiments. 
The light source of the 13 beam line is a 2 m elipti- 
cally polarizing undulator optimized for photon energies 
in the 5-50 eV range. A high resolution 6.65 m eagle- 
type normal incidence monochromator (NIM) with three 
gratings provides a maximum resolving power of w 10^. 
The schematic layout of the beam line is displayed in the 
left part of Fig. [TJ As shown in the figure, the beam 
line has two branch lines. One branch is intended for 
user endstations (labeled Exp. 2) while the other branch 
is permanently equipped with the spin- ARPES endsta- 
tion. An overview drawing of the endstation is shown 
in the right part of Fig. [T] Referring to this figure, the 
measurement chamber is seen to the left and the beam 
enters this chamber from above at angle of 16 degrees 
from the horizontal plane. The measurement chamber is 
equipped with a hemispherical electron energy analyzer 
with a double detector system consisting of one spin- and 
one two-dimensional photoelectron detector and is rotat- 
able around the horizontal axis. As a result, it is possible 
to cover all emission angles without changing the inci- 
dence angle of the photons. To the right of the measure- 
ment chamber, separated by a gate valve, is the prepara- 
tion chamber which is equipped with tools for standard 
preparation and characterization techniques such as ion 
bombardment, Low Energy Electron Diffraction (LEED) 
and Auger Electron Spectroscopy (AES). Sample posi- 
tioning is achieved through a horizontally placed sample 
manipulator that reaches both the preparation and mea- 
surement chambers. The manipulator has five degrees of 
freedom and permits resistive sample heating as well as 
liquid Helium cooling. In order to permit fast introduc- 
tion of samples as well as sample storage the endstation 
is also equipped with a load-lock and a transfer cham- 
ber. The transfer chamber is also used for connecting to 
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FIG. 1: Schematic overview of the NIM beamline and the spin-ARPES end station (13) at MAX III. 



a nearby Molecular Beam Epitaxy (MBE) system, allow- 
ing samples to be transferred in vacuum betvireen the two 
systems. 

III. ANALYZER 

The key component of the system is the analyzer which 
is based on the VG Scienta R4000 analyzer. The gen- 
eral analyzer layout is shown in Fig. [21 It consists of 
the lens, the hemispheres, a two-dimensional detector 
setup, a spin-transfer lens and a mini-Mott spin detector. 
The lens, slits, apertures and hemispheres are identical 
to those of the standard R4000 analyzer. However, the 
standard 40 mm diameter two-dimensional detector of 
the R4000 has been replaced by an off center 25 mm 
two-dimensional detector and a circular aperture for the 
spin-transfer lens as demonstrated in Fig. |31 The two- 
dimensional detector is a circular Micro Channel Plate 
(MCP) assembly followed by a fluorescent screen which 
is monitored by a digital camera system. All in all, the 
setup is very similar to the normal 40 mm diameter de- 
tector setup of the R4000 except for the off center place- 
ment and an increased camera distance (400 mm rather 
than 140 mm) to accommodate the transfer-lens. The 
reduced detector size is expected to give a corresponding 
reduction in count rate of about 60% for a given an- 
gular dispersion and pass energy. However, the energy 



and angular resolution of the two-dimensional detector 
is unaffected by the reduced size and it is still possible to 
select different angular dispersion modes with acceptance 
angles up to ±15°. 

As displayed in Fig.[3J the aperture of the spin-transfer 
lens is located on the center-line in angular direction of 
the two-dimensional detector but displaced along the en- 
ergy axis. The nominal aperture of the spin-transfer lens 
is 4 mm but inserts can be used to reduce the aperture 
size. Calculated energy and angular resolutions for dif- 
ferent apertures, pass energies and angular modes are 
given in Table I & H. Changing the aperture involves 
venting the system and removing the transfer lens. This 
is a complicated and time consuming operation but since 
the energy and angular resolution contributions from the 
Mott detector can be selected through different pass en- 
ergies and angular modes it is not expected that there 
will be any need to change the aperture. 

Once the electrons enter the transfer lens they are ac- 
celerated from the pass energy up to w 500 eV and then 
deflected 90°. The deflection serves two purposes. First, 
it rotates the spin quantization axes of the polarimeter 
so that the spin polarization can be measured both along 
and perpendicular to the lens axis. Second, it acts as 
an energy filter and suppresses any unwanted secondary 
electrons. After the deflection, the electrons are further 
accelerated and enters the mini-Mott polarimeter where 
they strike the scattering target at a kinetic energy of 
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FIG. 2: (a) A three-dimensional view of the hemispherical 
analyzer including the CCD camera for angle-resolved pho- 
toelectron spectroscopy (ARPES), the spin-transfer lens and 
the Mott detector used for spin-resolved photoelecton spec- 
troscopy (SRPES). (b) Schematic overview of electron trajec- 
tories through the analyzer. 
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TABLE I: The different enerf 


U resolution contributions from 


the spin detector as a function of pass energy and aperture. 


For larger analyzer slits the analyzer energy resolution must 


also be taken into account. 
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FIG. 3: The transfer lens and the Mott detector shown to- 
gether with a detailed view of the placement of the two- 
dimensional detector and the transfer lens entrance aperture. 

25 keV. The mini-Mott polarimeter is of the Rice Uni- 
versity type [H with a 120° scattering geometry, four indi- 
vidual 25 mm diameter channeltrons and a thorium tar- 
get at 25 kV potential. This polarimeter has an expected 
Sherman function of Seff = 0.17 p|. The choice of this 
type of polarimeter was based on several factors. One is 
that the electron optical acceptance of the polarimeter 
has to be sufficiently large. Even though this is not an 
requirement for angle resolved modes, large acceptance is 
needed when running the analyzer in transmission mode. 
In case of the latter, and for higher pass energies, the 
electron optical acceptance needs to be in the order of 
100 mm^-sr-eV. This requirement is not a problem for a 
mini-Mott or a diffuse scattering polarimeter [1| but is a 
disqualifying factor for the spin-LEED polarimeter [3, 0) . 
The repeated regeneration of target surfaces required for 
the diffuse scattering and spin-LEED polarimeters was 



TABLE 11: The different angular resolutions obtainable with 
the spin detector as a function of angular mode and aperture. 

also considered a serious drawback in a system based at 
a synchrotron were users have limited time and reliability 
is important. Therefore, the choice fell on the mini-Mott 
design, which is also sufficiently compact to fit on the ro- 
tatable analyzer where a high voltage Mott would have 
been too bulky and heavy. 

IV. RESULTS 

In order to demonstrate the functionality of the sys- 
tem and verify the assumed Sherman function for the 
polarimeter, the surface state of Au(lll) has been stud- 
ied. As shown in previous photoemission experiments 
[^-0] the parabolic surface state of Au(lll) is split into 
two branches. Theoretical studies indicate that the 
splitting is an electron spin related phenomena and that 
the surface state is fully spin polarized. The observed 
splitting is a consequence of the broken inversion sym- 
metry which occurs at the surface where the bulk crystal 
is terminated. The broken symmetry allows spin-orbit 
interaction to lift the degeneracy of the surface state 
producing a splitting of the free-electron-like parabolic 
dispersion into two branches with energies 

E{k) = ^±ak, (1) 

where Ti is the Planck constant, m the effective electron 
mass, k the electron in-plane momentum and a a so called 
strength parameter. In a simple 2D free-electron model 
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FIG. 4: (a) Room-temperature photoemission spectrum (raw 
data) of Au(lll) surface state measured at 9 — 6.8° from 
normal emission using linearly polarized light at hf — 10 eV. 
Dotted rectangle (yellow) indicates fc-interval corresponding 
to the 1.5° window for which the spin-resolved data is ac- 
quired. Intensities are given by the colorbar to the right, (b) 
Second derivative of the intensity with respect to energy for 
the spectrum showed in (a). Two distinct branches of the 
free-electron-like parabola are clearly resolved. 



the strength parameter a is proportional to the gradient 
of the potential which confines the electrons to the sur- 
face. However, more realistic models of the atomic fields 
are needed in order to reproduce the magnitude of the 
splitting 0, H, The fact that theory predicts 100% 
polarization makes the surface state a suitable candidate 
for initial calibration purposes, which explains why this 
particular test subject has been chosen for the work pre- 
sented here. 

The experiment was conducted on an Au(lll) single 
crystal mounted on a sample holder which allows control 
over both polar (9) and azimuthal (0) angles. The mea- 
surement was performed at ultra-high vacuum (UHV) 
conditions (base pressure < 2 • lO"""^" Torr) after prepar- 
ing the surface by repeated cycles of Ar-ion sputtering 
and annealing at 1 kV and 550°C respectively. Sur- 
face reconstruction and quality was checked with LEED. 
Room-temperature data were collected using linearly po- 
larized light with photon energy, hi' — 10 eV. Fig. HJa) 
shows the raw data spectrum acquired with the MCP 



detector parallel to the T — M direction (fc^-axis) at a 
polar angle 9 = 6.8° from normal emission. The rotation 
in polar angle is necessary in order to move away from 
{kx, ky) = (0, 0), since there is no spin split at this point 
in fc-space. As seen in the figure, the spectrum is shifted 
towards positive /cy-values and the parabolas have their 
minima located at ky = 0.026 A~^, which indicates that 
the sample is slightly tilted, i.e. a slight rotation about 
the kx-axis. The two branches reach the Fermi level at 
kp = -0.059 A-i (upper) and kp = -0.091 A'^ (lower) 
resulting in Akp = 0.032 A-\ in agreement with previ- 
ously obtained values [HQ. In Fig. IDJb) we display the 
second-derivative of the intensity with respect to binding 
energy of the spectrum in Fig. [D^a). Even though the 
measurement was performed at room-temperature the 
two dispersive branches of the free-electron-like surface 
state are clearly distinguishable. The broadening of the 
features in the spectrum in Fig. [4] is mainly due to ther- 
mal broadening. Since the photon source has an energy 
resolution < 1 meV a total ultimate energy resolution of 
^1 meV for angle-resolved measurements is expected. 

Generally, the spin-polarization of electrons with en- 
ergy E is defined by the asymmetry 



n^{E)-n^{E) 
n^{E)+n^{E)' 



(2) 



where n^'^^^ [E) is the spin up (down) electron energy dis- 
tribution. In this case, since the spin sensitivity of the 
polarimeter is < 1 the polarization of the surface state 
can be found by dividing the measured asymmetry be- 
tween the upper and lower channel by the effective Sher- 
man function Seff assuming a negligible instrumental 
asymmetry, i.e. 



P{E) 



P{E)-I^{E) 
[lHE)+lHE)]Seff- 



(3) 



Here, /^(^) represent the intensities in the up- and down 
channels respectively. When analyzing the data, the in- 
strumental asymmetry was set to zero by normalizing the 
intensities from the up and down channels. This can be 
justified by the fact that the surface state is fully polar- 
ized and hence should result in equal intensities in the 
upper and lower channel provided that the channels are 
properly calibrated. 

The spin-resolved measurement was performed using 
the Angular 15 mode with pass energy 20 eV and a spin- 
transfer lens aperture of 2 mm. The resulting energy- and 
angle resolution for the spin detector is 100 meV and 1.5° 
respectively (see Table I and II). Consequently, the spin- 
data presented in Fig.[5]were acquired within a 0.032 A^^ 
(1.5°) wide fc-window centered at fc = 0, indicated by 
dotted, yellow rectangle in Fig.HJa). Fig.[5lja) shows the 
resulting intensities from the spin up and down channels 
after subtraction of integrated background and normal- 
ization. From these intensities, the polarization shown 
in Fig. [SJb) is determined using the expected Sherman 
function Seff = 0.17 [Ij]. Given that the Au(lll) surface 
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FIG. 5: (a) Raw data from spin-up and spin-down channels 
of the mini-Mott detector after background subtraction and 
normalization. Filled (red) triangles correspond to spin up, 
open (blue) triangles to spin down, (b) Measured polarization 
as a function of binding energy. Filled triangles correspond 
to the in-plane polarization calculated from the intensities in 
(a) assuming a Sherman function Seff — 0.17. Open tri- 
angles indicate the out-of-plane polarization using the same 
Seff. Solid and dotted lines are running averages, (c) Spin 
resolved spectra of Au(lll) surface state measured at room- 
temperature and 6.8° away from normal emission with energy- 
and angular resolutions of 100 meV and 1.5° respectively. 



statistics. In addition, the out-of-plane component of the 
polarization, determined using the intensities from the 
left and right channels of the polarimeter, is zero for all 
energies, which is consistent with a spin oriented in the 
plane. Worth noting is that previous spin-resolved mea- 
surements 3 on the Au(lll) surface state only reached 
~ 40% polarization in spite of the theoretical predictions 
of a fully polarized state. Hence, the results presented 
here does not only confirm the assumed Sherman func- 
tion Seff = 0.17 and the proper function of the instru- 
ment but also provides strong support for the predictions 
regarding the spin structure of the Au(lll) surface state. 
The spin-resolved EDCs presented in Fig. [5jc) are ob- 
tained using the determined in-plane polarization P{E) 
and the average spin-integrated intensity I{E) from all 
four channels of the spin detector through the relation 



I±{E) = [1±P{E)]I{E), 



(4) 



where +/- indicates spin up and down respectively. Al- 
though partly overlapping, the two spin-peaks are dis- 
tinguishable and their peak positions are separated by 
approximately 100 meV, a value in agreement with pre- 
vious measurements [1, Q . 



V. SUMMARY 

In conclusion, the instrument presented in this paper 
offers the possibility of measuring the spin orientation 
of photoemitted electrons by the use of a mini-Mott po- 
larimeter. The additional ability to perform conventional 
ARPES measurements is a clear advantage since it allows 
the energy dispersion and sample orientation in fc-space 
to be rapidly determined before proceeding with the spin 
measurement. Hence, contamination sensitive surfaces, 
i.e. samples with short life-time, and materials with very 
complex band-structure can more easily be studied. The 
initial test performed on the Au(lll) surface state veri- 
fies that the instrument works properly and confirms the 
assumed Sherman function of the polarimeter as well as 
the complete spin polarization of the surface state. 



state is 100% polarized we expect the in-plane component 
of the polarization to approach -l-(-)l at lower(higher) 
binding energies. From Fig. EJb) we see that this is in- 
deed the case, except for some osciUations at the upper 
and lower limits of the spectrum which results from low 
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